A study of the first excited states of some members of the beryllium isoelectronic series is performed. An explicitly correlated wave function is used to describe the different bound states. It consists of a correlation Jastrow factor and a configuration interaction model wave function calculated from a generalization of the optimized effective potential method to deal with multiconfiguration wave functions. Accurate values for the binding energy of the different states are obtained. Several other properties are also calculated and discussed. A systematic analysis of the Hund's rules through the isoelectronic series in terms of the one-and two-body radial densities and some of their radial moments is carried out. The optimization of the wave function and the calculation of the different quantities is carried out by means of the variational Monte Carlo method.
I. INTRODUCTION
Extensive theoretical studies have been done on the excited states of four electron atomic systems in recent years. They have been mainly carried out by using configuration interaction type wave functions obtaining very accurate results for the neutral atom 1,2 and also for its isoelectronic sequence. [3] [4] [5] Recently very precise values for the energy and related properties such as the electron affinity or mass shifts of beryllium atom have been calculated by making use of the quantum Monte Carlo method 6 and by using large expansions of exponentially correlated Gaussian functions. 7 However the knowledge of other interesting properties such as the one-and two-body electron densities is much more scarce due to the technical difficulties involved in their calculation. They provide detailed and valuable information on the structure and dynamics of the system. For example, these densities play a key role in the understanding and interpretation of some interesting features of the electronic structure of atoms such as the Coulomb hole and the Hund's rule. [8] [9] [10] [11] This rule states that if two states arise from the same configuration, the state having the highest spin will have the lowest energy. For those states with the same spin value, the most bound one is that with the highest value of the orbital angular momentum. Contrary to qualitative arguments, the electron-electron repulsion has been found to be higher for the state with the highest spin, and it is the deeper electron-nuclear attraction energy in this state the responsible for its higher binding energy. This has been shown for some excited states of Helium-like systems by using Hylleraas type wave functions, 12 for the 1 P-3 P terms arising from the 2s-2p configuration in beryllium, by using Hartree-Fock, configuration interaction and explicitly correlated wave functions, [13] [14] [15] [16] [17] [18] [19] and also for some other atomic and molecular systems within the Hartree-Fock framework. 20, 21 It has been also found that there are some other multiplets for which the Hund's rule does not hold and some others for which the previous interpretation is not so direct. 19 The aim of this work is to study some excited states of the beryllium isoelectronic series. As it is known, 22 for a given bound state, the role of nuclear charge in an isoelectronic sequence is not simply a scale factor. For example the weight of a configuration in a specific state is not a monotonic function of the nuclear charge, Z. We have studied here the 3 P and 1 P states arising from the 1s 2 2s2 p configuration and the 3 P, 1 D, and 1 S states arising from the 1s 2 2p 2 configuration. These configurations provide the first five bound excited states except for beryllium for which some other states lie between the 2s2 p and the 2p 2 configurations and, in addition, the 1s 2 2 p 2 -1 S state lies above the ionization threshold. The order of the different states obeys the Hund's rule except for the 3 P and 1 D states arising from the configuration 1s 2 2 p 2 of Be, which are reversed. Accurate and compact explicitly correlated trial wave functions are obtained here for these system. This ansatz has shown to provide a good description for both the first excited states of the beryllium atom 19 and the ground state of some members of the beryllium isoelectronic series. 23 Starting from the best wave functions obtained in this work we have computed, in addition to the energy, different one-and two-body position and momentum properties as the single-particle density and both the interelectronic ͑intracule͒ and the center of mass ͑extracule͒ two-body densities in position space. These distribution functions provide insight into the spatial arrangement of the electronic charge and they are analyzed to elucidate the differences between the electronic cloud of singlet and triplet states. Furthermore the radial moment of order Ϫ1 of the single particle and the intracule densities give the electron-nucleus attraction and the electron-electron repulsion energy, respectively.
The single-particle density is defined as
the interelectronic or intracule density is given by
and, finally, the center of mass or extracule density can be calculated as
The corresponding spherically averaged densities are labeled as (r), h(r 12 ), and d(R), respectively, and represent the probability density functions for the electron-nucleus distance, r, the interelectronic distance, r 12 , and the center of mass distance of the electron pair, R. The single-particle density is normalized to the number of electrons, N, and both the intracule and the extracule densities to the number of electron pairs, N(NϪ1)/2. The value of the intracule and extracule densities at the origin give us the probability of two electrons to be at the same position ͑coalescence density͒ and at opposite positions with respect to the nucleus ͑counterbal-ance density͒, respectively. Recently those quantities have been used in the study of exchange and correlation effects and in the determination of the integrated x-ray scattering intensities. 24, 25 The wave functions used in this work include explicitly the electronic correlations by means of a Jastrow-type factor. Nondynamic effects are also taken into account by the multiconfiguration model wave function that includes the most important substitutions. The explicitly correlated wave functions used here fulfill some analytically known properties of the densities, as for example the correct short range behavior and cusp conditions which are very important in describing correctly the Coulomb hole. The calculation of the different expectation values has been carried out by means of the Variational Monte Carlo method. 26 The structure of this work is as follows. In Sec. II the trial wave function is shown in detail. The results are presented and discussed in Sec. III. The conclusions of this work can be found in Sec. IV. Atomic units are used throughout.
II. WAVE FUNCTION
The correlated trial wave function, ⌿, used in this work is the product of a symmetric correlation factor, F, which includes the dynamic correlation among the electrons, times a model wave function, ⌽, that provides the correct properties of the exact wave function such as the spin and the angular momentum of the atom, and is antisymmetric in the electronic coordinates.
⌿ϭF⌽. ͑4͒
For the correlation factor we use the form of Boys and Handy 27 with the prescription proposed by Schmidt and Moskowitz. 28 In particular we have worked with 17 variational nonlinear parameters in the correlation factor which include electron-nucleus, electron-electron, and electronelectron-nucleus correlations.
Bound states with given L, S values are obtained by diagonalizing the hamiltonian in a set of m linear independent trial functions with the proper symmetry. Then the eigenvalues constitute upper bounds to the first m bound states. The trial functions are written as a correlation factor times a symmetry adapted linear combination of Slater determinants. The orbitals are built starting from the single particle configurations 1s 2 nlnЈlЈ, with n,nЈϭ2,3 and l,lЈ ϭs,p,d. For the 1 D state we have also considered the configuration 1s 2 2s4d. The correlation factor and the orbitals are parameterized. The attainment of the optimum values of the parameters is done in two steps. First a calculation without the Jastrow correlation factor is carried out to determine the optimum model wave function. Once the orbitals are fixed a second stage is performed to minimize the energy with respect to the correlation factor.
It is worthwhile to point out here that the parameterization employed has shown to provide a good description of atomic systems, not only for the energy but also for other properties. 29 This methodology is well suited when an energy optimization technique is used instead of variance minimization which is the most commonly employed algorithm in quantum chemistry problems using variational Monte Carlo methods.
In order to compute the orbitals a generalization of the so-called optimized effective potential ͑OEP͒ 30-32 method for dealing with multi configuration expansions has been used. The model wave function is written as
where k is each one of the configurations selected to describe the state with the proper values of the total spin and orbital angular momentum. Once this model wave function is fixed the total trial wave function is obtained by multiplying it by the correlation factor, Eq. ͑4͒. This is a correlated basis set expansion where the Hamiltonian is diagonalized. In this stage the correlation factor is obtained and the linear coefficients C k are recalculated by solving the corresponding generalized eigenvalue problem. 
III. RESULTS
We have studied the first five excited states of some members of the beryllium isoelectronic series arising from the configurations 1s 2 2s2 p and 1s 2 2p 2 . To study a given state, we have selected only those configurations which provide an improvement in the energy greater than the statistical error in the calculation. The importance of some configurations decreases as the nuclear charge Z increases in the isoelectronic series and then they have been dropped out for the larger Z ions considered in this work (Zр10). This is, for example, the case of the configuration 1s 2 2s4d, which is quite important to describe the 1 D state in beryllium but its contribution is nearly negligible for the ions with ZϾ6.
For the 2s2p-and 2p 2 -3 P triplet states the main contribution comes from the 2s2p and 2p 2 configurations, respectively, with a small admixture of the other configurations. The 2s3p configuration is important to describe the 2s2p-1 P state for Be and B ϩ , but its weight decreases rapidly for the rest of the ions. For this state the configuration 2 p3d is also significant, even for large-Z ions. The states with greater configuration mixing are 2p 2 -1 D and 2 p 2 -1 S. The former has a strong interaction with the 2s3d-1 D state in the case of beryllium, and it is necessary to include the 2 p3 p and 2s4d configurations in order to describe it accurately. This mixing is still quite important for B ϩ and C 2ϩ but it decreases quickly for the other ions. For the 2p 2 -1 S state the relative contribution of the 2s 2 configuration is of about 6%, and is nearly constant for all the ions studied. The beryllium atom presents a substantial mixing with the 2p3 p configuration with a relative weight of 20% in the present calculation. However, its contribution decreases up to 3% for B ϩ and 1% for Ne 6ϩ . We have found that the 2s3s-1 S configuration is more important for B ϩ and C 2ϩ and less important for the rest of ions. All the relative weights have been obtained within the correlated basis set.
In Table I we show the energy of the different states of the isoelectronic series studied here as compared with the estimated exact nonrelativistic limit. 3, 4 For the 2p 2 -1 S state of beryllium the energy E exact has been taken from the NIST database for atomic spectroscopy. 33 In parentheses we show the statistical error in the Monte Carlo calculation. The quality of the wave function is, in general, better for triplet than for singlet states. The configuration mixing is more important for singlet states, and therefore, a more accurate description of the triplet states is obtained within our scheme. The relative difference in the energy with respect to the estimated nonrelativistic limit decreases as Z increases within a given state.
We have calculated the moments of the single-particle and of the electron pair intracule and extracule densities, respectively, starting from the variational wave function ⌿.
In particular the expectation values ͗t n ͘, where tϭr,r 12 and R, respectively, and nϭϪ2,Ϫ1,1,2 and 3, have been obtained. We have also calculated the value of the singleparticle and of both the intracule and the extracule densities at the origin. In doing so the following relation has been used:
for the single-particle density (ϭ, tϭr) 34 and for the intracule (ϭh, tϭr 12 ) and the extracule (ϭd, tϭR) electron pair densities. 35 These expressions allow one to obtain a TABLE I. Energy of some states of the beryllium isoelectronic series (E) as compared with those of Refs. 3 and 4 that can be considered as exact, (E exact ). In parentheses we give the statistical error in the last digit. In Tables II-IV we show the moments of order Ϫ1 and 2 of the single-particle, the intracule, and the extracule densities, respectively. They are representative for the behavior of the moments of negative and positive order, respectively.
A full tabulation of the radial moments from order Ϫ2 to 3 along with the values of the densities at the origin is reported in Ref. 37 . The results of Table II for the different ions show that, within a configuration, singlet states present a more diffuse electronic charge distribution than triplet ones, as can be noticed from the values of the square radius ͗r 2 ͘. The difference between singlet and triplet states diminishes as the nuclear charge increases. This reduction is more accused for the states of the 2s2 p configuration and less for the 1 S state of the 2p 2 one. A comparison between states with the same spin shows that the 2p 2 -3 P state is more extended than the 2s2p-3 P one for Be, B ϩ , and C 2ϩ and the contrary holds for the rest of the ions. The most important difference between the mean square radius of those two states take place for Be, and it is reduced abruptly for B ϩ and C 2ϩ , then the difference between the mean square radius becomes a smooth function of the nuclear charge. For singlet states the 2p 2 -1 S is always more extended than the 2p 2 -1 D except for Be, in spite of the fact that the 1 S state is not bound in the neutral system. The most important differences appear for Be and B ϩ and they drastically diminish for the rest of the ions. In addition the 2 p 2 -1 D state is less extended than the 2s2p-1 P one for ions with Zу6. The same holds for the 2p 2 -1 S state, but this occurs at higher values of Z. As a consequence the 2p 2 configuration tends to have a smaller overall size than the 2s2 p one as the nuclear charge increases.
In Table III we show the interelectronic radial moments ͗r 12 n ͘, nϭϪ1,2. For the neutral atom the 2s2 p-1 P state presents a bigger averaged interelectronic distance than the 2s2 p-3 P one and the contrary holds for the charged species with a relative difference between singlet and triplet that increases as Z does. With respect to the states coming from the 2p 2 configuration, the differences are not so appreciable except in Be and B ϩ . The biggest overall interelectronic dis- a key role in the energetic ordering of the excited states and henceforth in the interpretation of the Hund's rule. For the states of the 2s2p configuration the electron-nucleus attraction is stronger in the triplet than in the singlet for all the ions considered whereas the repulsion is more intense in the triplet only for Be and B ϩ . However for these two systems the electronic repulsion is not enough to overcome the attraction and, therefore, the triplet state is more bound than the singlet one according to the Hund's rule. For the other ions, both the electron-nucleus attraction and the electron-electron repulsion contribute simultaneously to make the singlet less bounded than the triplet. In the case of the states coming from the 2p 2 configuration we have found the same trend, i.e., the attraction energy is greater in the triplet state than in the 1 D, and it is greater in this state than in the 1 S. These values are closer between the 3 P and 1 D states than between singlet states and, as a result, the screening of the nucleus is more pronounced in the 1 S state. As the repulsion energy does not show such a monotonic behavior, a more detailed analysis is in order. For beryllium both the electron-nucleus attraction and the electron-electron repulsion energies are more intense in 3 P than in 1 D. Nevertheless the former is not enough to prevail over the repulsion and contrary to the Hund's rule the singlet is more bound than the triplet. 19 For the ions B ϩ to O 4ϩ we find the same situation, i.e., stronger attraction and repulsion in the triplet but now the balance is different and the electron-nucleus attraction predominates making the triplet more bound than the singlet according to the Hund's rule. For F 5ϩ and Ne 6ϩ both the electronnucleus attraction and the electron-electron repulsion contribute to make the triplet more bounded than the 1 D. With respect to the comparison between singlet states the attraction in the 1 D state is stronger than in 1 S for all the systems studied here. The electron-electron repulsion is greater in 1 S than in 1 D for all the systems except for B ϩ but even in this case the Hund's rule is satisfied because the attraction overcomes the repulsion. From the previous discussion it can be said that the electron-nucleus attraction is the main responsible for the Hund's rule. This same conclusion was previously reached for some excited states of Helium-like systems by using Hylleraas type wave functions, 12 for the 1 P-3 P terms arising from the 2s-2p configuration in beryllium, by using both Hartree-Fock and Configuration Interaction wave functions, [13] [14] [15] [16] [17] [18] for the 1 P-3 P and 1 S-3 S and terms arising from the 2s-2p and 2s-3s configurations, respectively, 19 and also for some other atomic and molecular systems within the Hartree-Fock framework. 20, 21 A more detailed analysis can be done by comparing the different radial densities for singlet and triplet states within a given configuration through the isoelectronic series. This will provide a fully local information on the differences between singlet and triplet states as the nuclear charge increases. A comparative study of the singlet-triplet single-particle, intracule and extracule densities is shown in Figs. 1 and 2 where we plot the difference functions 4t 2 ͓ f 1 (t)Ϫ f 3 (t)͔ where t stands for r, r 12 and R, and f 1 ( f 3 ) for the singlet ͑triplet͒ single-particle, intracule and extracule densities. For the sake of clarity in the presentation of the figures we have not included the single-particle difference function for the ions FIG. 1 . Difference between the 2s2p-1 P and 2s2p-3 P radial single-particle ͑a͒, intracule ͑b͒ and extracule ͑c͒ densities. O 4ϩ and F 5ϩ . These values for these ions lie approximately between those of N 3ϩ and Ne 6ϩ . In Fig. 1͑a͒ we plot the difference between the 2s2p-1 P and 2s2 p-3 P single particle density in terms of Zr. As should be expected the more noticeable differences take place at long distances because the orbital angular momentum and spin couplings are governed by the outermost electrons. This figure shows a deep first minimum located at about rϭ2 a.u. and then a broad maximum about rϭ6 a.u. for Be. This means that the triplet state is much more concentrated around the nucleus than the singlet one. This same picture is valid for the rest of ions, although the minimum tends to be less deep than for Be. In addition, for all the ions except Be, there appears an additional small minimum and maximum near the origin that becomes more relevant as Z increases. The position of the most important extremes is shifted to lower Zr values as Z increases while the position ͑in Zr) of the smaller ones is roughly constant.
In Fig. 1͑b͒ we plot the difference radial intracule function in terms of Zr 12 for that same states. This function has a stronger dependence on the nuclear charge, showing not only quantitative but also a different qualitative behavior. The difference function between the 2s2 p-1 P and the 2s2p-3 P radial intracule density is negative for small and intermediate interelectronic distances and positive for higher r 12 -values for Be. For the other ions an opposite picture is found, i.e., there is a positive region for small and intermediate interelectronic distances and a negative region in the rest of the domain. For these ions the electrons tend to be closer in the singlet than in the triplet. The B ϩ is a transition ion in which a negative region near the origin still remains but the behavior for larger r 12 is different to that in Be.
The difference function between the 2s2p-1 P and 2s2 p-3 P radial extracule density presents the same qualitative behavior for all the systems considered. This function is negative with one minimum for intermediate values of ZR,
FIG. 2. Difference between the 2p
2 -1 D and 2p 2 -3 P radial single-particle ͑a͒, intracule ͑c͒ and extracule ͑e͒ densities, and between the 2p 2 -1 S and 2p 2 -3 P radial single-particle ͑b͒, intracule ͑d͒ and extracule ͑f͒ densities. and positive with one maximum for higher ZR-values. The position of the extremes and zeros is shifted to smaller ZR values as Z increases. In this case, and specially when going from Be to B ϩ , the probability of finding two electrons at opposite position with respect to the nucleus is reduced in the singlet with respect to the triplet.
The Then a deeper negative region and a broad positive region appear consecutively. As Z increases the first positive region becomes more important, especially for the 1 S-3 P difference function, being that the reason for which the electron repulsion energy of the 1 S state is the greatest one for Zу7. The position of the extremes in terms of Zr 12 for the cations is practically independent of the nuclear charge. In general, the qualitative behavior of this function is similar to its counterpart for the 2s2 p configuration. For the beryllium atom the structure of the function is the same but it is more spread than for the 2s2 p configuration, i.e., the global minimum and maximum are located at higher Zr 12 values, whereas the contrary holds for the positive species.
With respect to the singlet-triplet difference extracule densities in the 2p 2 configuration we have two quite different trends. The 1 D-3 P difference function ͓Fig. 2͑e͔͒ for Be is predominantly negative at low and intermediate R distances, with two local minima, and positive for the rest. But this picture changes suddenly for the other ions for which a positive region is followed by a negative one. In the case of B ϩ the difference function is nearly flat whereas for C 2ϩ , N 3ϩ , . . . , the behavior commented is evident. Anyway these difference functions are quite small as compared with those arising from the 1 S-3 P states ͓Fig. 2͑f͔͒. In those cases the only effect of the nuclear charge is a relatively less important positive region at low R-values. Therefore, and on the contrary to what happens in Be, the 1 D state is the one in which the low R region is more important, i.e., the angular correlations carry the electrons at opposite sides of the nucleus.
In Table V we report some two body properties in position and momentum spaces. In particular we give the position expectation value ͗r ជ 1 •r ជ 2 ͘ϭ͚͗ iϾ j r ជ i •r ជ j ͘ and the angular correlation factor, r ជ , introduced by Kutzelnigg, Del Re, and Berthier, 38 defined as
This quantity is bounded in magnitude by unity, Ϫ1р r ជ р1. r ជ ϭ1 ( r ជ ϭϪ1) means perfect positive ͑negative͒ correlation and r ជ ϭ0 stands for either noncorrelated variables in the statistical sense or for independent variables. For atomic systems, statistically non-correlated variables means that the position vectors of any pair of particles are, on average, orthogonal while independent variables means that the diagonal term of the two body density matrix is the product of the one-body distribution functions. The angular correlation coefficient is related to quantities that may be obtained from experimental measurements, such as the diamagnetic susceptibility and the dipole oscillator strength distribution, 39 or the x-ray and/or high-energy electron scattering intensities. 40 Similar definitions are done in momentum space. Here ͗p ជ 1 •p ជ 2 ͘ is related to the specific mass shift correction to the energy and is sensitive to the quality of the variational wave function. More general correlation coefficients can be defined 38 by using different probe functions in order to characterize and measure the statistical correlation. In particular some scalar and vectorial functions have been used to study sistematically the statistical correlation and its dependence on the nuclear charge, degree of excitation and angular momentum at different regions of the nuclear charge for some excited states of the helium isoelectronic series. 41 Radial and angular statistical correlation coefficients have been also calculated for the ground state of some members of the beryllium isoelectronic series 42, 43 focusing on the shell effects and the role of the nuclear charge.
In position space, and for all the ions considered, our results indicate that the triplet states and the 2p 2 -1 D one present negative angular correlation, whereas for the other two (2s2 p-1 P and 2 p 2 -1 S) the angular correlation is positive. The value of r ជ increases along the isoelectronic series for all the states studied, except for the 2p 2 -1 S for which small oscillations appear. That indicates that, as Z increases, the electrons tend to stay at the same side of the nucleus, being this effect more accused for the 2s2 p-1 P and 2p 2 -1 S states.
The sign of r ជ is the same of ͗r ជ 1 •r ជ 2 ͘ which, from its definition, is directly related with the moments of second order of the intracule and extracule distributions in the way
and therefore, it is the tail of these two distributions which informs us about the sign of r ជ , and then about the tendency of the electrons to be at the same or at the opposite sides of the nucleus. For the 2s2 p configuration the intracule difference function is negative at large r 12 values ͑except for the neutral atom͒ and the opposite holds for the extracule difference function. That gives rise to a smaller angular correlation coefficient for the triplet than for the singlet state. Another relation that can be easily found is
and similarly in momentum space. The values of ͗R 2 ͘ are very similar for the 3 P and 1 D states of the 2p 2 configuration, whereas the values of ͗r 2 ͘ are smaller for the triplet than for the singlet and then a greater value for r ជ in the triplet is obtained.
In momentum space the behavior is completely different. The values of p ជ are positive for all the states studied of Be whereas they are negative for all the ions with Zу6. For B ϩ some ones are positive and the rest are negative. For all the states studied the angular correlation coefficient p ជ shows a monotonically decreasing behavior in terms of the nuclear charge. This coefficient is very similar for the states 3 P and 1 D of the configuration 2p 2 and slightly different for the 1 S state along the isoelectronic series. In the 2s2p configuration the value of p ជ is different for singlet and triplet states although the relative difference between them decreases quickly as Z increases.
We also report in 
͑11͒
The first of these two equation shows how the center of mass and the interelectronic moments of order two contribute to the kinetic energy, and then to the total energy due to the virial theorem. The second one give us information of which of those two terms is more important for the kinetic energy. Thus, if the sign of the angular correlation factor in momentum space, p ជ , i.e., of ͗p ជ 1 •p ជ 2 ͘, is negative, then the main (8) contribution to the kinetic energy comes from the interelectronic movement of the electrons, whereas it is more important the center of mass movement of the electrons if p ជ is positive. As before mentioned the sign of p ជ is positive for the excited states of Be but it is negative for all the ions with Zу6. For B ϩ some states presents a p ជ positive and some others negative. It is also positive for the ground state of the beryllium isoelectronic series.
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IV. CONCLUSIONS
The first excited states of some members of the beryllium isoelectronic series have been studied. We have considered the singlet and triplet states of the configurations 2s2 p ( 3 P and 1 P) and 2p 2 ( 3 P, 1 D, and 1 S). Accurate explicitly correlated wave functions have been obtained for these states. They include a Jastrow-type correlation factor and a multi configuration model wave function. The model wave function has been calculated by a generalization of the optimized effective potential method to include configuration interaction type expansions. All the calculations of this work have been performed by using the variational Monte Carlo method.
We have analyzed the differences between singlet and triplet states in terms of the single-particle and of the intracule and extracule electron densities, that give local information on the charge distributions. We have found that, for any of the configurations considered, and for all the states studied the electron-electron attraction is stronger in the triplet states than in singlet ones. This is related to the more diffuse character of the electronic cloud in the latter. The different averaged size of singlet and triplet states diminishes as the nuclear charge increases, and the reduction is more significant for the states arising from the 2p 2 configuration. With respect to the 2p 2 -1 D and 2p 2 -1 S states the electronnucleus energy is bigger in magnitude in the former making the states with a higher total orbital angular momentum more bounded according to the Hund's rule. This is consistent with the fact that the 1 S state is more diffuse than the 1 D, except for Be. However, no uniform trend has been found for the electron-electron repulsion energy. Thus for the states arising from the 2s2p configuration the repulsion is stronger in 3 P than in 1 P only for Be and B ϩ and the contrary holds for the rest of the ions. For the states of the 2p 2 configuration the repulsion is stronger in 1 S than in 1 D except for B ϩ but not strong enough to avoid the fulfillment of the Hund's rule here. The repulsion energy is also deeper in the 2p 2 -3 P states than in 2p 2 -1 D for the ions Be to O 4ϩ . The repulsion energy is also stronger in 2p 2 -3 P than in 2 p 2 -1 S for Be, B ϩ , and C 2ϩ . For all of these cases the stronger repulsion of the triplet is not sufficient to prevent Hund's rule to hold except for the beryllium atom where the 2p 2 -1 D state is more bound than the 2p 2 -3 P one. For the rest of the ions both the electron-nucleus attraction and the electron-electron repulsion contribute in the same direction to make more bound the triplet state. These differences are consistent with those found for the corresponding radial densities.
A study of the angular correlation coefficients show that triplet states and the 2p 2 -1 D present negative correlation, reducing the screening of the nuclear charge, whereas the opposite holds for the other states. In momentum space the angular correlation coefficient is positive for the excited states of Be, negative for the excited states of the systems with Zу6 while for B ϩ is positive for some states and negative for others. The angular correlation coefficient decreases ͑increases͒ monotonically in position ͑momentum͒ space in terms of the nuclear charge, except for the 2p 2 -1 S state in position space for which small oscillations have been found.
